Carbon nanotubes and nanocones functionalized with polar organic groups can be better dispersed in polar biological fluids, such as the blood stream and, thus, have been considered as promising drug carrier agents.
Introduction
Functionalization of carbon nanostructures changes their mechanical, structural and solubility properties. As a result, novel materials are obtained with improved processability, necessary for building molecular devices suitable for constitution of electronic systems, 1,2 gases sensors and storage, 3,4 heavy metal and nano-metallic particulate selective adsorption devices 5, 6 and also drug delivery systems. [7] [8] [9] [10] The functionalization is made through physical 11, 12 or chemical routes, 13, 14 doping with different atoms 15 and oxidation reactions [16] [17] [18] [19] [20] [21] [22] of the nanostructure surface. The latter process is oen responsible for improving the properties of carbon nanotubes (CNT) and nanocones (CNC) such as solubility in organic solvents and dispersion in polar solvents such as water.
The closed-end of the CNT and CNC consists of a network formed of carbon hexagons and pentagons. This region is highly distorted and generates tensions of C-C bonds. [23] [24] [25] Generally the reactions that occur at the closed-ends of these structures are derived from oxidative reactions through electrophilic and nucleophilic addition, 26,27 cycloaddition 28,29 and polymerization. 30, 31 These processes occur in post-synthesis treatments and generate vacancies or "holes" on the CNT and CNC surfaces and, depending of the oxidative procedure, more severe distortions are observed, such as the removal of carbon atoms such as CO and CO 2 . Organic groups like carboxyl, aldehyde, ketone, phenol, alcohol, anhydride and quinone can be formed in the vacancy regions. The defects and groups generated depend on the nature of the oxidizing agent and reaction conditions employed. Kuznetsova et al. 18 performed experimental studies of the removal of carboxyl and quinone groups from the functionalized carbon nanotubes surface by thermal activation in the temperature range of 623-1073 K. Infrared (IR) spectroscopy was used to conrm the removal of these groups during heating treatment with elimination of CO, CO 2 , CH 4 and H 2 gases. This removal led to formation of stable opening on the nanotube surface capable of optimizing the Xe gas adsorption at 95 K inside the nanostructure. The authors showed that the Xe gas adsorption became twenty times greater for the oxidized nanotubes treated at 1073 K than samples treated at 623 K.
Regarding the mechanism of the oxidation processes, Moon et al. 19 used rst-principles calculations to investigate the oxidation of armchair (5, 5) capped CNT by oxygen gas exposure. According to the authors, the gas adsorption in nanotubes with small diameters occurs in the tube cap and wall with an energy barrier of about 2.0 eV. On the other hand, the adsorption at the cap is favored in nanotubes with larger diameters, which is the region with highest curvature of the nanostructure. Hamon et al. 22 experimentally conducted an oxidative reaction of CNT with 1 O 2 generated through photosensitization. The results suggest a cycloaddition mechanism through the atomic oxygen covalent bond to the wall of CNT forming 1,2-dioxetane or a 1,4-endoperoxide products. The reaction was monitored and the products characterized by Fourier transform infrared (FT-IR) and ultraviolet/visible/near-infrared (UV-vis-NIR) spectroscopies.
According to the authors, the reaction is reversible and represents a potentially selective oxidation process in the separation of semiconductor nanotubes from oxidized metallic nanotubes. In the presence of polar solvent, the metallic material is obtained without singlet oxygen under annealing conditions.
The oxidation reaction through the NO x (x ¼ 1, 2, 3) gases adsorption were studied using DFT calculations by Dai et al. 16 The authors showed that the chemisorption as a result of bimolecular adsorption of NO + NO, NO 3 + NO 3 and NO + NO 3 species possess strong bonding energy with the CNT surface compared to physical adsorption which occurs when NO x unimolecular conguration is considered. The adsorption energy is higher in the case of zigzag (8,0) model due its larger curvature effect in relation to the zigzag (12,0) model. The (12,0) CNT results showed that the process of chemisorption of the NO 3 + NO 3 system was exothermic, with adsorption energy À0.75 eV, and became endothermic (+0.5 eV) when NO 2 + NO 2 bimolecular conguration is employed. Recently, Da Silva Jr et al. 17a performed DFT calculations to analyze the structural, electronic, vibrational and energetic properties of the chemical reaction formed between the armchair (6,6) CNT and the acid-base dissociation products of nitric acid. The authors showed that among all the species generated by HNO 3 dissociation, the NO 2 + electrophilic agent is the stronger oxidizer, which transfers oxygen atom to the CNT surface yielding carbonyl groups. A similar study was also conducted by Porto, et al. 17b showing the chemical routes for formation of distinct functional groups, namely ether, epoxide and carbonyl.
In the present study, quantum chemical calculations at DFT level were employed to investigate the structure, electronic and energetic aspects of oxidized carbon nanotubes and nanocones (hereaer called CNTox and CNCox, respectively). The modeling of oxidized topologies is a necessary step towards investigating the relevant properties of advanced materials such as adsorption and releasing of atoms and molecules. The oxidizing topologies were built using as guide the mechanism previously proposed on previous results about the oxidation of carbon nanotubes in the presence of O 2 and H 2 O molecules.
19,22,32 Here we are not focused on the oxidative process shown in Fig. 1 , which was described in details in (ref. 32) but on the nal fully oxidized structures. Nonetheless, a brief description of the oxidative mechanism is welcome for the readers before discussing the nal structures and electronic properties. Initially, a [2 + 2] type covalent cycloaddition of the O 2 molecule is conducted as proposed by Hamon et al. 22 A reactive organic peroxide is produced, from which a diketone (Fig. 1c) is obtained aer breaking the O-O and C-C (on the nanostructure surface) bonds as shown by Moon et al. 19 The resonant species of 32 Similarly, to the process represented in Fig. 1b and c, an additional step on the nanostructure surface leads to the formation of ketone and lactone groups (Fig. 1e) . Lastly, a nucleophilic attack occurs by H 2 O molecule, leading to local formation of the carboxyl group and a hydroxyl linked to carbon atom adjacent to C* atom (Fig. 1f) . Thus, we evaluated the inuence of the amount of carboxyl, carbonyl and hydroxyl groups (related with the degree of oxidation) present at the cap and tubular regions of CNTox and CNCox in the structure-stability relationship. In addition, the infrared (IR) e Raman spectra assignments are presented for the preferred structures based on energy criterion.
Methodology
Fig . 1 illustrates the oxidation mechanism used to build the CNTox and CNCox models. This mechanism was proposed previously from theoretical studies 32 for the reaction between an armchair (5,5) CNT and 1 O 2 and H 2 O molecules. CNTox molecules were built starting from the zigzag (12,0) SWCNT pristine model with one of its extremities closed by hemi-fullerene. CNCox molecules were built starting from the SWCNC pristine model containing four pentagons in its closed end (cone angle equal to 38.9 ). 25 The process in Fig. 1 is represented as CN + 2O 2 + 1H 2 O / CNox where CNox corresponds to the topology shown in Fig. 1f . This reaction is considered one step of oxidation as illustrated is Fig. 2 . For the CNT, three steps of oxidation were used and for CNC four steps were modelled considering the tubular and cap regions (see details in Fig. 2 ) being proposed 14 oxidized structures.
The calculations were performed with the Gaussian 09 package 33 and the geometries fully optimized at the DFT level 34 with the hybrid B3LYP functional 35 and the 6-31G basis-set.
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The oxidation energy of each step (DE oxi ) were calculated according to the standard eqn (1):
where E Mox , E PM , E O 2 and E H 2 O stand by the total energy of the oxidized model, pristine model, oxygen and water molecules, respectively. The optimized geometries of CNTox-III and CNCox-IV structures were then used for the vibrational harmonic frequency calculations to derive theoretical vibrational IR and Raman spectra. Results and discussions 25 models used to build the oxidized structures, respectively. Hydrogen atoms were added to complete the carbon valence at the open-end ( Fig. 3a and 4a) . The nanotube has six pentagons with one centered hexagon in the closed-end (Fig. 3b ) and the nanocone has four pentagons forming the arrangement shown in Fig. 4b . The CNT optimized geometry at B3LYP/6-31G has nominal length and diameter around 20 and 9.5Å, respectively. The local structure analysis showed that the average CC bond was 1.43Å for the tubular region and 1.41Å for the open-rim. Fig. 3c and d shows the two main arrangements which shape the defect regions (shoulder and-cap, respectively) of the CNT. The values shown represent the average CC bond lengths in the defect region. The bond length found for the pentagonal sites was 1.42-1.44Å. The CC bonds connecting hexagon-pentagon on the shoulder (Fig. 3c) and two hexagons on the cap (Fig. 3d ) regions correspond to 1.40 and 1.48Å, respectively. This difference in bond length is due to the greater curvature of the shoulder region, which decreases with the tube diameter. 19 The CC bonds of the defective region featuring the hexagons not condensate to pentagonal sites ( Fig. 3c and d) are slightly longer compared to the tubular region, $1.45Å. The CNC B3LYP/6-31G optimized geometry has 21.0Å length and its average and maximum diameter were calculated about 14.5 and 20.0Å, respectively. The local structure analysis showed that the average CC bond was 1.42Å for the tubular region (carbon hexagons) with shorter bonds at the open-end, in the range 1.38-1.41Å. Fig. 4c and d shows the main arrangements in the defect regions of the CNC. The average bond length found for the pentagonal sites was 1.43Å. The CC bonds connecting hexagon-pentagon on the shoulder (Fig. 4c) and two pentagons on the cap (Fig. 4d) regions correspond to 1.38 and 1.37Å, respectively. The CC bonds of the defective region featuring the hexagons which do not condensate to pentagonal sites ( Fig. 4c and d) are slightly longer than in the tubular region (1.43-1.46Å). The B3LYP/6-31G fully optimized geometries of the CNTox and CNCox models are depicted in Fig. 5 and 6 . The le and right columns show the oxidized molecules on the cap and tubular regions, respectively. The molecules are named as CNTox-n and CNCox-n, where n ¼ I, II, III or IV indicates the oxidation stages (see Fig. 2 ). As illustrated in Fig. 1 , each oxidation stage refers to the reaction of one mol of CN with 2 : 1 stoichiometric of O 2 and H 2 O. Thus, the number of carboxyl, hydroxyl and carbonyl groups increases with the oxidation level. For the stage n ¼ III, for example, we found a total of three carboxyl, three hydroxyl and six carbonyl groups linked to the CNTox-III surface. Following the scheme in Fig. 2 , the CNCox-IV model was accomplished starting from the CNCox-III molecule previously optimized and the nal structure has a total of four carboxyl, four hydroxyl and eight carbonyl groups linked to the CNCox-IV surface.
From the analysis of the oxidized structures, it is not observed signicant changes on the CC bond lengths of the tubular region of oxidized cap CNTox species (Fig. 5a, c and e) , found around 1.43Å. On the other hand, due to the increase of organic functional groups on the oxidized tubular region (Fig. 5b and d-f) , some CC bonds lengths are shortened and/or elongated in the range of 1.41-1.47Å. For the CNCox structures, the oxidation of the tubular surface (Fig. 6b, d , f and h) has great inuence in the bond lengths of the carbon hexagonal network of cone tube. The increasing of the number of functional groups on the oxidized tubular region of the CNCox species leads to a shortening or lengthening of the CC bonds in the range 1.41-1.44Å. This effect is less pronounced than that observed for the oxidized CNT (1.41-1.47Å), i.e., the CNHox-IV model shows a slightly more rigid structure than CNTox-III model oxidized on the tubular region. 
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We have evaluated the size of vacancies formed through molecular modeling due to consecutive stages employed in the oxidative mechanism. For this purpose, we selected two pairs of carbon atoms that delimit the oxidized surface for each species and a line segment as shown in Fig. 7 and 8 connected the pair of atoms. The changes in the length of the line segments were performed in order to estimate the topological dimension of the oxidized surface area. In general, it was observed that with the progress of oxidation, the size of vacancy increases when we consider the species that belong to the same oxidized region, namely cap or tube. For CNTox models, it was observed an average increase of 2.3Å and 2.7Å of the oxidized regions on the cap and tube, respectively, when comparing the models CNTox-I (Fig. 7a) and CNTox-III (Fig. 7c) . For CNCox models, it was observed an average increase of 3.7Å and 4.3Å of the oxidized regions on the cap and tube, respectively, when comparing the models CNCox-I (Fig. 8a) and CNCox-IV (Fig. 8d) . The largest variation on the tubular region is due to the higher surface local area that allows a better rearrangement of the sp 2 carbon atoms network. Considering the molecular unit of the cisplatin complex contained in a sphere of approximately 0.5 nm (the dimensions of cDDP molecule is about 0.4 nm Â 0.6 nm Â 0.1 nm), it is expected that the drug would pass through the vacancy generated on the oxidized surfaces of the CNTox-III and CNCox-IV nanostructures, despite the oxidized groups that could somehow block the cavities. This feature is an important property to study the controlled release of drugs, like cisplatin which has already been studied by our group.
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The formation energies (DE oxi ) of the oxidized models are given in Table 1 . It can be seen from values in Table 1 that all reactions are very exothermic. For the rst stage, leading to the structures I, the reaction energy at the cap is much lower than at the tubular region, proving that the CN tips are quite reactive due to the pentagon defects. For CNT, DE oxi for stage I was (in kcal mol À1 ) À144.5 (cap) and À112.9 (tubular) and for CNC it was À134.5 (cap) and À85.8 (tubular). Our calculations suggest that the CNT is more reactive than CNC during the rst stage, which might be due to the smaller average diameter of the former, 9.5Å and 14.5Å, respectively. Bilu Liu et al. 37 clearly show from experimental results that single walled carbon nanotubes (SWCNT) of smaller diameters are more reactive in air at high temperatures. The authors also demonstrate that the reactivity of these nanostructures does not depend exclusively on a single structural parameter, but depends on the relationship between diameter, chirality and chiral angles. Overall, the following oxidation steps are more favorable that the rst one, with reaction energy converging to a limit value around À200 kcal mol À1 , regardless the type of CN and molecular region, even though, the continuing oxidation of the CN cap is more favorable than the CN tubular moiety. 18, 19 The cap oxidation decreases the C-C bonds stress that dene the pentagonal arrangements in this region. Such a decrease of structural stress occurs also on the tube-oxidized species; however, this effect is dependent on further specic structural variations. Therefore, we observed a limit of structural relaxation during the geometry optimization of the nal models oxidized, in which a larger number of organic groups are present. Thus, the models become more rigid and are less sensitive to structural stress of defect sites. This explains the small average difference ($0.75Å) of the vacancies formed by oxidized cap ( Fig. 8c and d) between CNCox-III and CNCox-IV models. In ref. 8 we show that the M06-2x 39 functional showed a best performance for describing the electronic correlation and dispersion effects for a model corannulene-cisplatin complex. Thus, we used the DFT M06-2x/6-31G(d,p) level for the prediction of the formation energy of cisplatin-nanocone inclusion complex and also an adsorption complex, using B3LYP/3-21G fully optimized geometries to save computer time. This result motivated us to use in the present work the M06-2x/6-31G level using B3LYP/6-31G fully optimized geometries of oxidized nanostructures proposed. It can be seen from values in Table 1 that the formation energies of the oxidized nanostructures are even more favorable than the corresponding energies calculated at B3LYP/6-31G level. Among the structures of the last oxidation stage the difference observed (in kcal mol À1 ) is larger for the stage III where the CNTox-III structure is formed, $À22.4 and À14.1 for oxidized cap and tubular regions, respectively. The infrared spectrum is not commonly used for characterization of carbon nanostructures due to the high symmetry of the molecules, which results in low intensity transitions. Thus, Raman spectroscopy is frequently preferable.
32, 38 However, when the molecule is functionalized or has a defect region, for example, in the production and/or oxidative process, most of CC and generated organic groups vibrational modes become IR active and might aid to elucidate the overall geometries and local defects. In one of our previous work, 25 the DFTB calculation results for the IR spectra of the distinct CNCs structures showed that the presence of pentagon-pentagon links (carbon pentagon rings) on the cap surface can be identied by the presence of absorption bands at about 1820 cm À1 . Three regions of the CNT and CNC Raman spectrum are commonly used to characterize the disturbance due to their functionalization. Region I (100-300 cm À1 ) presents the RBM mode, which is inversely related to the tube diameter and represents carbon atoms movement in the radial direction; region II (1300-1500 cm À1 ) represents disorder peaks, called D band and region III (1500-1600 cm À1 ) is assigned to the graphitic G band. Recently, we described an integrated experimental and theoretical analysis 10 on the synthesis and characterization of cisplatin/SWCNT inclusion complex. It was observed, that the inclusion of drug ) and Raman-IR assignments for the pristine carbon nanostructures (CNT and CNC), CNTox-III and CNCox-IV oxidized models. The stretching (n) and inplane deformation (d) modes are assigned a
Structure
Raman assignments IR assignments into the nanotube affects the G and D bands intensity, suggesting an increase of structural disorder. Moreover, a decrease was observed of the wavenumber in the spectral range of the radial breathing modes (RBM) by 9 cm À1 with the nanotube functionalization with the cisplatin molecules. The Raman and IR main transitions and assignments for the CNTox-III and CNCox-IV oxidized models, as well as, CNT and CNC pristine models are summarized in Table 2 . As a general observation, the intensity of the RBM mode decreases with insertion of the organic groups and the transitions are observed in the range of 180 to 280 cm À1 . In comparison to the pristine starting models, the oxidized derivatives exhibit a pronounced decrease of the value G/D intensity ratio, an indicative that the covalently bonded organic groups on the cap increase the structural disorder. Our results show that the G/D value decreased from 9.5 (pristine CNT) to 0.6 (CNTox-III model) and from 1.5 (pristine CNC) to 0.4 (CNCox-IV). Fig. S1 and S2 (ESI †) promptly allow the identication of ngerprints bands. The IR spectrum calculated to pristine models revealed absorption band close to 1415 cm À1 (CNT) and in the range of 1427-1490 cm À1 (CNC) assigned to pentagon-hexagon (C5-C6) links CC stretching (n) on the cap. These bands are not observed in the oxidized forms. One absorption band close to 3185 cm
À1
, regardless of the pristine model, is assigned to CH stretching of the edges. Regarding the oxidized models, the absorption bands in the range of 900-1110 cm À1 are assigned to generated sp 3 carbon atoms angular deformations (d) as defects in the sp 2 carbon network. The main transitions related to organic groups can be assigned as: (i) slightly more intense bands at frequencies higher in the range 3200-3420 cm À1 due to hydroxyls stretching of carboxyls (about at 3200 cm À1 ) and isolated hydroxyls (at 3360-3420 cm À1 ); (ii) intense transitions in the range of 1750-1850 cm À1 related to carbonyl stretching of carboxyl; (iii) absorption bands in the range of 1545-1710 cm À1 indicate vicinal carbonyls stretching. Through our results, we claim that the present study might assist the experimentalist in the structural characterization of this highly complex class of molecules, providing molecular models for other theoretical studies of oxidized carbon nanostructures.
Conclusions
In this paper, the DFT method was used to modeling oxidized carbon nanotube (CNTox) and nanocone (CNCox) topologies. Our calculations demonstrated that the sequential insertion of carbonyl, hydroxyl and carboxyl groups increase the vacancies size on the tube and cap regions of carbon nanostructures. Moreover, the cap oxidation decreases the CC bond stress of the pentagonal arrangements, thus, the formation of the CNTox and CNCox species oxidized on the cap are more favorable than on the tubular region. Raman spectra show that the G/D intensity ratio exhibit a pronounced decrease upon oxidation, mainly for CNT species (9.5 to 0.6), indicating that the covalent functionalization of the nanostructure surface increased the structural disorder. IR spectra were calculated, and an attempt assignment was made to identify the organic groups present. The introduction of carbonyl, hydroxyl and carboxyl groups may be used for the connection of functional entities, increase the dispersion of nanostructures in more polar environments and form more readily available nanocomposites for delivery and controlled release of drugs.
